Introduction {#s1}
============

Acid electrolyzed water (AEW), which is produced by electrolysis of dilute sodium chloride (NaCl) or potassium chloride solution in the anode side of an instrument where the anode and cathode are separated by an ion-permeable diaphragm, has been used mainly in the agricultural and medical fields as a disinfectant in farm and food hygiene [@pone.0046392-Northcutt1]--[@pone.0046392-Rahman2], and disinfection of medical instruments such as dialyzers [@pone.0046392-Lee1], patient-used endoscopes [@pone.0046392-Tanaka1], and dentures [@pone.0046392-Nagamatsu1] because of the potent antimicrobial potential of AEW [@pone.0046392-Kiura1]--[@pone.0046392-Feliciano1]. The antimicrobial activity of AEW might be the result of the combined effects of the oxidation--reduction potential (ORP) and pH [@pone.0046392-Handojo1] because the characteristic values of AEW such as low pH (2.7 or lower) and high ORP (+1100 mV or higher) deviate from the tolerable range for microbial growth (pH 3--10, ORP +900−400 mV) proposed by Becking et al. [@pone.0046392-Becking1]. In addition, the hydroxyl radical, an oxygen radical species, is often suggested as a putative active ingredient for AEW antimicrobial activity [@pone.0046392-Hotta1]. To date, the main contributors to the antimicrobial activity of AEW have been thought to be hypochlorous acid (HClO) with a low pH, and a high ORP [@pone.0046392-AlHaq1]. Some studies have also suggested that HClO, as an undissociated form of chlorine, penetrates microbial cell membranes and subsequently achieves its antimicrobial action through oxidation of key metabolic enzymes [@pone.0046392-Albrich1]--[@pone.0046392-Hurst1].

No clear evidence has been obtained for oxygen free radicals as putative contributors to the antimicrobial activity of AEW. In a study where an ESR spin-trapping technique was applied to AEW using two spin traps, 5,5-dimethyl-1-pyrroline N-oxide (DMPO) and N-\[(1-oxido-4-pyridinio)methylene\]-t-butylamine N-oxide, the spin adducts of hydroxyl radical were observed when electrolyte was dissolved in tap water but not in pure water [@pone.0046392-Yonemori1]. By contrast, in a similar study where the ESR spin-trapping technique was used to analyze AEW, no detectable spin adducts of oxygen free radicals were observed [@pone.0046392-Stan1]. More in detail, the addition of DMPO to AEW generated an ESR signal from 5,5-dimethyl-2-pyrrolidone-N-oxyl (DMPOX) but not ESR signals from DMPO-OH (a spin adduct of DMPO and a hydroxyl radical) and DMPO-OOH (a spin adduct of DMPO and a superoxide anion), suggesting that hypochlorous acid oxidizes the spin-trap DMPO, with the formation of DMPOX. In a recent review article, it was also proposed that bactericidal activity of AEW is mainly dependent on available chlorine in the form of HClO and molecular chlorine (Cl~2~), but not radicals [@pone.0046392-Tsuchiya1]. In the present study, we hypothesized that a proton, molecular oxygen, and an electron generated through electrolysis of the electrolyte solution in the anode side can result in the formation of hydrogen peroxide (O~2~+2H^+^+2e^−^→H~2~O~2~) and subsequently hydroxyl radicals. To confirm the presence of hydrogen peroxide and the hydroxyl radical, we used a combination of an ESR spin-trapping technique and a Fenton reaction, which can be used as a tool for determining hydrogen peroxide [@pone.0046392-Arakawa1].

Results {#s2}
=======

Characteristic values and ESR analysis of AEW {#s2a}
---------------------------------------------

The characteristic values of AEW obtained by single and repeated electrolyses of 0.1% (w/v) NaCl solution and 1% (w/v) NaCl solution are summarized in [Tables 1](#pone-0046392-t001){ref-type="table"} and [2](#pone-0046392-t002){ref-type="table"}, respectively. In the case of single electrolysis of 0.1% (w/v) NaCl solution, the pH, ORP, and residual chlorine concentration were 2.43, 1179 mV, and 66 mg/L, respectively. When AEW from 0.1% (w/v) NaCl solution was subjected to up to two more electrolyses, the pH tended to decrease, and both the ORP and the residual chlorine concentration tended to increase. Similar tendencies were observed in AEW from 1% (w/v) NaCl solution, with apparently higher concentrations of residual chlorine than those from 0.1% (w/v) NaCl solution. In a separate experiment where dissolved oxygen was determined in AEW, irrespective of the NaCl concentrations as the electrolyte, dissolved oxygen concentrations increased with the number of electrolysis from approximately 0.25 to 0.35 mM under the identical conditions to those in [Tables 1](#pone-0046392-t001){ref-type="table"} and [2](#pone-0046392-t002){ref-type="table"}. Representative ESR spectra of the AEWs described in [Tables 1](#pone-0046392-t001){ref-type="table"} and [2](#pone-0046392-t002){ref-type="table"} are shown in [Fig. 1](#pone-0046392-g001){ref-type="fig"}. In the AEW from 0.1% (w/v) NaCl solution obtained by single and double electrolyses, no clear signal from DMPO-OH was detected. However, a DMPO-OH-like signal, possibly with a DMPOX signal, appeared after three electrolyses. When 1% (w/v) NaCl solution was used as the electrolyte solution, a clear signal from DMPO-OH was detected in the AEW, especially that obtained by triple electrolyses, and the concentration of DMPO-OH was calculated to be 6.2 µM, using 20 µM 4-hydroxy-2,2,6,6-tetramethylpiperidine (TEMPOL) as a standard. The spin adduct DMPO-OH was assigned using hyperfine coupling constants (hfcc). The hfccs are *a*H = *a*N = 1.49 mT, which coincide with those of the DMPO-OH adduct reported in a previous paper [@pone.0046392-Buettner1]. Since the half-life of a hydroxyl radical is extremely short [@pone.0046392-Pryor1]--[@pone.0046392-Redmond1], there is a possibility that the radical disappears rapidly. Thus, to determine whether the hydroxyl radical remains in the AEW after electrolysis, AEW obtained by triple electrolyses was stored for 1 h at room temperature under light-shielding conditions. Representative ESR spectra of the AEW immediately and 1 h after the third electrolysis are shown in [Fig. 2](#pone-0046392-g002){ref-type="fig"}. The DMPO-OH signal was detected even after storage for 1 h.

![ESR spectra of AEW from single and repeated electrolyses of 0.1% and 1% (w/v) NaCl solutions.](pone.0046392.g001){#pone-0046392-g001}

![ESR spectra of AEW from triple electrolyses of 1% (w/v) NaCl solution.\
Spectra immediately after production and after 1-h storage at room temperature under light-shielding conditions are shown.](pone.0046392.g002){#pone-0046392-g002}
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###### Characteristic values of AEW obtained from 0.1% NaCl solution.

![](pone.0046392.t001){#pone-0046392-t001-1}

  The number of electrolysis     pH    ORP (mV)   Residual chlorine[\*](#nt102){ref-type="table-fn"} concentration (mg/l)
  ---------------------------- ------ ---------- -------------------------------------------------------------------------
  1                             2.43     1179                                       66
  2                             2.29     1194                                       124
  3                             2.14     1202                                       180

Each value represents the mean of duplicate determinations.

Residual chlorine is consisted of combined available chlorine and free available chlorine.

10.1371/journal.pone.0046392.t002

###### Characteristic values of AEW obtained from 1% NaCl solution.

![](pone.0046392.t002){#pone-0046392-t002-2}

  The number of electrolysis     pH    ORP (mV)   Residual chlorine[\*](#nt104){ref-type="table-fn"} concentration (mg/l)
  ---------------------------- ------ ---------- -------------------------------------------------------------------------
  1                             2.51     1167                                       230
  2                             2.31     1179                                       390
  3                             2.16     1184                                       500

Each value represents the mean of duplicate determinations.

Residual chlorine is consisted of combined available chlorine and free available chlorine.

Induction of Fenton reaction to determine hydrogen peroxide {#s2b}
-----------------------------------------------------------

One of the putative origins of hydroxyl radicals is hydrogen peroxide. To determine the presence of hydrogen peroxide, ferrous sulfate (FeSO~4~), as a source of ferrous ions, was added to AEW to induce a Fenton reaction, as shown in the following equation:The ESR spectrum of AEW immediately after single electrolysis of 1% (w/v) NaCl solution and the spectrum after the addition of FeSO~4~ are shown in [Fig. 3](#pone-0046392-g003){ref-type="fig"}. The addition of FeSO~4~ (final concentration 45 µM) resulted in the appearance of a clear signal from DMPO-OH. To estimate the amount of hydroxyl radicals in the AEW, a calibration curve was prepared using given concentrations of hydrogen peroxide solutions, followed by the addition of FeSO~4~ and ESR determination of DMPO-OH ([Fig. 4a](#pone-0046392-g004){ref-type="fig"}). As shown in [Fig. 4b](#pone-0046392-g004){ref-type="fig"}, in which the concentrations of hydrogen peroxide in the AEWs are summarized, approximately 45 µM hydrogen peroxide was present in the singly electrolyzed AEW, and larger amounts of hydrogen peroxide were detected in the repeatedly electrolyzed AEWs (77 and 101 µM in the doubly and triply electrolyzed AEWs, respectively).

![ESR spectra of AEW prepared by single electrolysis of 1% NaCl solution.\
Spectra in the absence and presence of FeSO~4~ are shown.](pone.0046392.g003){#pone-0046392-g003}

![Determination of hydrogen peroxide concentrations.\
Calibration curve for determining hydrogen peroxide concentration (a) and hydrogen peroxide concentrations in AEW prepared by single and repeated electrolyses of 1% NaCl solution (b). Each value in the graph in (b) represents the mean ± standard deviation (*n* = 3). Tukey--Kramer\'s multiple comparison test was conducted for the hydrogen peroxide concentrations.](pone.0046392.g004){#pone-0046392-g004}

Effects of hydroxyl radical scavengers and fetal bovine serum (FBS) on the bactericidal activity of AEW and free available chlorine concentration in AEW {#s2c}
--------------------------------------------------------------------------------------------------------------------------------------------------------

To examine whether the major contributor to the bactericidal activity of AEW is the hydroxyl radical, hydroxyl radical scavengers were added to AEW, followed by bactericidal assay against *Staphylococcus aureus*, *Escherichia coli*, and *Bacillus subtilis*, a spore forming bacterial species ([Fig. 5](#pone-0046392-g005){ref-type="fig"}). AEW prepared by single electrolysis of 0.1% (w/v) NaCl solution killed *S. aureus* and *E. coli* within 5--10 s, and *B. subtilis* within 10 min with at least three logarithmic reductions of viable bacterial cells. Although the addition of 100 mM sodium formate (HCOONa) did not destroy the bactericidal activity of the AEW, the addition of 1.4 M dimethyl sulfoxide (DMSO) destroyed the activity. The addition of FBS (10%, w/v of final concentration) completely destroyed the activity of the AEW. If HCOONa has antibacterial potential rather than hydroxyl radical scavenging activity, similar result would be obtained. Thus, antibacterial effect of HCOONa was examined. As a result, 100 mM HCOONa showed no bactericidal activity against the three bacterial species (data not shown). To examine whether the hydroxyl radical scavengers and FBS interfere with hypochlorous acid, the free available chlorine concentration was determined ([Fig. 6](#pone-0046392-g006){ref-type="fig"}). A close relationship was observed between the effects on the bactericidal activity and on the free available chlorine concentration; 100 mM HCOONa did not affect the concentration of free available chlorine, whereas both 1.4 M DMSO and 10% (w/v) FBS reduced the concentration to a non-detectable level (\<0.01 mg/L). ESR spectra showing the effects of 100 mM HCOONa on the DMPO-OH signal observed in AEW obtained by the triple electrolyses of 1% (w/v) NaCl solution are shown in [Fig. 7](#pone-0046392-g007){ref-type="fig"}. The addition of 100 mM HCOONa reduced the signal to a non-detectable level.

![Effects of hydroxyl radical scavengers and fetal bovine serum on AEW bactericidal activity and free available chlorine concentration.\
DMSO and HCOONa were used as hydroxyl radical scavengers. FBS stands for fetal bovine serum. The AEW was prepared by single electrolysis of 0.1% (w/v) NaCl solution. Each value represents the mean+standard deviation (*n* = 2 or 3).](pone.0046392.g005){#pone-0046392-g005}

![Effects of hydroxyl radical scavengers on free available chlorine concentration in AEW.\
DMSO and HCOONa were used as hydroxyl radical scavengers. FBS stands for fetal bovine serum. The AEW was prepared by single electrolysis of 0.1% (w/v) NaCl solution. Each value represents the mean+standard deviation (*n* = 2 or 3).](pone.0046392.g006){#pone-0046392-g006}

![ESR spectra of AEW prepared by triple electrolyses of 1% NaCl solution.\
Spectra in the absence and presence of HCOONa are shown.](pone.0046392.g007){#pone-0046392-g007}

Discussion {#s3}
==========

Since the pH values decreased and both the ORP values and residual chlorine concentrations increased on repeated electrolysis ([Tables 1](#pone-0046392-t001){ref-type="table"} and [2](#pone-0046392-t002){ref-type="table"}), and, in particular, the residual chlorine concentration significantly increased as a result of increasing the concentration of NaCl, it is suggested that the increase in the amount of hypochlorous acid in the AEW depended not only on the number of electrolyses but also on the concentration of NaCl. The ESR analyses of the AEWs shown in [Tables 1](#pone-0046392-t001){ref-type="table"} and [2](#pone-0046392-t002){ref-type="table"} reveal that the intensity of the DMPO-OH signal was clearly augmented each time the electrolysis of 1% NaCl solution was repeated ([Fig. 1](#pone-0046392-g001){ref-type="fig"}). Furthermore, despite the extremely short half-life of the hydroxyl radical (less than 10^−7^ s in a liquid) [@pone.0046392-Pryor1]--[@pone.0046392-Redmond1], DMPO-OH was detected even after storage for 1 h under light-shielding conditions ([Fig. 2](#pone-0046392-g002){ref-type="fig"}), suggesting that hydroxyl radicals were continuously formed in the AEW after electrolysis. This finding seems to support the idea that hydrogen peroxide exists in AEW as a source of hydroxyl radicals. To confirm this idea, FeSO~4~ was added to AEW to induce a Fenton reaction. As shown in [Fig. 3](#pone-0046392-g003){ref-type="fig"}, the addition of FeSO~4~ resulted in augmentation of the DMPO-OH signal intensity in AEW, indicating that the amount of hydroxyl radicals increased as a result of a Fenton reaction between hydrogen peroxide and ferrous ions. To estimate the amount of hydrogen peroxide in the AEW, a calibration curve was prepared using different concentrations of hydrogen peroxide solutions, followed by induction of a Fenton reaction ([Fig. 4a](#pone-0046392-g004){ref-type="fig"}). As a result, the amount of hydrogen peroxide increased with each electrolysis ([Fig. 4b](#pone-0046392-g004){ref-type="fig"}), which was consistent with the amount of hydroxyl radicals, as indicated by the increase in the DMPO-OH signal intensity when 1% (w/v) NaCl solution was repeatedly electrolyzed ([Fig. 1](#pone-0046392-g001){ref-type="fig"}). These results support the idea that hydrogen peroxide is a source of hydroxyl radials in AEW. Based on the results for AEW obtained by triple electrolyses of 1% (w/v) NaCl solution ([Figs. 1](#pone-0046392-g001){ref-type="fig"} and [4b](#pone-0046392-g004){ref-type="fig"}), a hydroxyl radical concentration of around 6 µM was estimated to be generated from 100 µM hydrogen peroxide. Since it was confirmed that dissolved oxygen was present in AEW at around 0.25 to 0.35 mM level which would be substantial for the formation of around a dozen to 100 µM hydrogen peroxide, hydrogen peroxide would be originated from dissolved oxygen. Further study is needed to clarify the involvement of dissolved oxygen in the hydrogen peroxide formation.

Regarding the active agents in AEW, it was confirmed that hypochlorous acid, but not the hydroxyl radical, is a major contributor to the bactericidal activity of AEW. Both DMSO and HCOONa can scavenge hydroxyl radicals [@pone.0046392-Panganamala1]--[@pone.0046392-Herskind1], but the former canceled the activity of AEW, whereas the latter did not ([Fig. 5](#pone-0046392-g005){ref-type="fig"}). Since HCOONa did not exert bactericidal effect, direct interaction of HCOONa with the bacterial species tested would be negligible. This conflicting result is probably attributable to the interaction of DMSO and hypochlorous acid, since the addition of DMSO, but not of HCOONa, resulted in the complete depletion of free available chlorine in AEW ([Fig. 6](#pone-0046392-g006){ref-type="fig"}). Similarly to DMSO, FBS canceled the activity of AEW ([Fig. 5](#pone-0046392-g005){ref-type="fig"}), and this was also probably attributable to the depletion of free available chlorine, as reported in previous studies [@pone.0046392-Nakagawara1], [@pone.0046392-Oomori1] in which the bactericidal activity of AEW was shown to be correlated with the concentration of hypochlorous acid, and the activity was shown to be attenuated in the presence of organic materials such as proteins and amino acids through quick transformation of free available chlorine into N-chloro compounds.

The present study clearly revealed the presence of hydrogen peroxide in AEW, which in turn results in hydroxyl radical formation. However, although hydroxyl radicals can exert potent bactericidal activity, as shown in our previous studies [@pone.0046392-Ikai1], [@pone.0046392-Shirato1], where hydroxyl radicals generated by photolysis of hydrogen peroxide exerted potent bactericidal activity against various pathogenic bacterial species, the major contributor in AEW is hypochlorous acid, not the hydroxyl radicals, since HCOONa, a hydroxyl radical scavenger, failed to cancel the bactericidal activity of AEW, even though it reduced the DMPO-OH signal to a non-detectable level ([Fig. 7](#pone-0046392-g007){ref-type="fig"}). In contrast, DMSO and FBS canceled the bactericidal activity of AEW, accompanied by the complete depletion of free available chlorine, suggesting that degradation of hypochlorous acid caused by both FBS and DMSO destroyed the bactericidal activity.

Materials and Methods {#s4}
=====================

Reagents {#s4a}
--------

Reagents were purchased from the following sources: DMPO from Labotec (Tokyo, Japan), hydrogen peroxide from Santoku Chemical Industries (Tokyo, Japan), TEMPOL from Sigma Aldrich (St. Louis, MO, USA), NaCl, FeSO~4~, DMSO, and HCOONa from Wako Pure Chemical Industries (Osaka, Japan). All the reagents used were of analytical grade.

Preparation of acid electrolyzed water (AEW) {#s4b}
--------------------------------------------

Two different concentrations of NaCl solutions \[0.1 and 1% (w/v)\] were electrolyzed for 15 min using a batch-type electrolyzed water generator (Mini Super Water JED-007, Altec Janix, Kanagawa, Japan) at a regular AC voltage of 100 V and a rated current of 0.6 A. The characteristic values of the resultant AEWs were determined using a pH/ORP meter (D-53, Horiba Ltd., Kyoto, Japan) for pH and ORP, and a residual chlorine meter (HI95771, Hanna Instruments JAPAN, Tokyo, Japan) for residual chlorine (combined available chlorine+free available chlorine) concentrations. In some cases, the resultant AEW was subjected to one or two further electrolysis procedures. Since dissolved oxygen could be a key for the source of hydrogen peroxide, quantitative analysis of dissolved oxygen in AEW was also conducted using an oxygen sensor (Microx TX3, PreSens, Regensberg, Germany) in a separate experiment. The AEW stability was also examined after storage for 1 h at room temperature under light-shielding conditions.

Determination of hydroxyl radicals by ESR spin-trapping technique {#s4c}
-----------------------------------------------------------------

An aliquot (180 µL) of AEW was mixed with 20 µL of 8.9 M DMPO for 10 s. Immediately after mixing, the mixture was transferred to an ESR spectrometry cell, and the ESR measurements were started after 30 s on an X-band ESR spectrometer (JES-FA-100; JEOL, Tokyo, Japan). Regarding the concentration of DMPO, since the half-life of hydroxyl radical is extremely short as 10^−7^ s or less [@pone.0046392-Pryor1], [@pone.0046392-Redmond1], sufficient concentration of DMPO is necessary to trap all the hydroxyl radical generated. Our previous study revealed that 300 mM or more DMPO is necessary to trap several dozen µM hydroxyl radical [@pone.0046392-Nakamura1], so that DMPO at the final concentration of 890 mM was used in the present study. TEMPOL (20 µM) was used as a standard sample to calculate the concentration of DMPO-OH, a spin adduct of DMPO and a hydroxyl radical. The measurement conditions were as follows: field sweep, 330.50 to 340.50 mT; field modulation frequency, 100 kHz; field modulation width, 0.1 mT; amplitude, 200; sweep time, 2 min; time constant, 0.03 s; microwave frequency, 9.420 GHz; microwave power, 4 mW. All experiments were performed in triplicate at room temperature.

Induction of Fenton reaction as a tool for determination of hydrogen peroxide {#s4d}
-----------------------------------------------------------------------------

To determine the hydrogen peroxide in AEW, ferrous iron was added to the AEW to induce a Fenton reaction. An aliquot (180 µL) of AEW was mixed with 20 µL of 8.9 M DMPO and 20 µL of 0.5 mM FeSO~4~ for 10 s. Immediately after mixing, the mixture was transferred to an ESR spectrometry cell, and the ESR measurements were started after 30 s on an X-band ESR spectrometer. To quantitatively analyze the hydrogen peroxide in AEW, hydrogen peroxide solutions of given concentrations were prepared, and 180 µL of each hydrogen peroxide solution were mixed with 20 µL of 8.9 M DMPO and 20 µL of 0.5 mM FeSO~4~ for 10 s, followed by ESR analysis as described above, to obtain a calibration curve for hydrogen peroxide. For statistical analysis of the hydrogen peroxide concentrations, Tukey--Kramer\'s multiple comparison test for pairwise comparisons was conducted. *P* values of \<0.05 were considered significant.

Effects of hydroxyl radical scavengers and fetal bovine serum (FBS) on bactericidal activity of AEW and free available chlorine concentration in AEW {#s4e}
----------------------------------------------------------------------------------------------------------------------------------------------------

Stock culture strains of *S. aureus* JCM 2413, *E. coli* JCM 5491, and *B. subtilis* JCM 1465 were purchased from Japan Collection of Microorganisms, RIKEN BioResource Center (Wako, Japan). *S. aureus* and *E. coli* were cultured on brain--heart infusion (BHI) agar (Becton, Dickinson Company, Sparks, MD, USA) at 37°C overnight. *B. subtilis*, a spore forming bacterial species, cultured on BHI agar at 37°C for 1 week was harvested and heated at 65°C for 30 min, and then stored at 4°C until assayed. Then the bacterial cells were suspended in sterile physiological saline at 1.0--3.0×10^8^ cells/mL as an inoculum. Ten microliters of each inoculum were mixed with 1 mL of AEW for 5 to 10 s against *S. aureus* and *E. coli*, and for 10 min against *B. subtilis*. Then the mixture was diluted 10 times with BHI broth, and 200 µL of the diluted mixture were further incubated on a BHI agar plate at 37°C for 2 d for determining the number of viable bacterial cells. To confirm whether the bactericidal activity of AEW is in any way attributable to hydroxyl radicals, the effects of DMSO and HCOONa, hydroxyl radical scavengers, were examined. One hundred microliters of 14 M DMSO or 1 M HCOONa were added to 890 µL of AEW, followed by addition of 10 µL of the bacterial suspension. Then the bactericidal tests were similarly performed. In addition, to confirm whether the bactericidal activity of AEW depends on hypochlorous acid, the bactericidal activity of AEW was similarly examined in the presence of 10% (w/v) FBS (Life Technologies Corp., Carlsbad, CA, USA) since the bactericidal activity of AEW could be attenuated by organic materials such as proteins and amino acids through rapid transformation of free available chlorine into N-chloro compounds [@pone.0046392-Herskind1]. To confirm that HCOONa does not possess antibacterial potential, 100 mM HCOONa instead of AEW was similarly subjected to the bactericidal tests. Furthermore, to examine the relationship between the bactericidal activity and degradation of hypochlorous acid, the concentrations of free available chlorine, including Cl~2~, HClO, and ClO^−^, in AEW with 1.4 M DMSO, 100 mM HCOONa, or 10% (w/v) FBS were determined by the *N*,*N*′-diethyl-*p*-phenylenediamine (DPD) standard method [@pone.0046392-Oomori1], [@pone.0046392-Standard1].
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